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This review starts out with a brief history of the photino-gluino phenomenology.
Next, it describes difficulties encountered in the construction of Feynman amplitudes
when dealing with Majorana fermions and outlines a procedure that circumvents this
difficulty by means of a prescription based on a well-defined fermion flow without ex-
plicit charge-conjugation matrices at the vertex equations. Finally, as an illustration,
it calculates the cross section for the production of photinos and gluinos.
2I. INTRODUCTION
Supersymmetry (SUSY) was introduced more than 30 years ago, in independent theoret-
ical papers by Golfand and Likhtman [1], Volkov and Akulov [2], and Wess and Zumino [3].
In the first of these articles [1], the authors found the superextension of the Poincare´ algebra
and constructed the first four-dimensional field theory with supersymmetry, the (massive)
supersymmetric quantum eletrodynamics (SQED).
The particle content of SQED is given by the electron (fermion), positron (antifermion),
which are Dirac fermions [4], the photon, and the spin-0 partners of the electron and the
positron, the so-called selectron and spositron (sfermions). Also included in the model is
the photino, the spin-(1/2) superpartner of the photon. The photon and the photino are
introduced in the same vector superfield, therefore the photino must be a Majorana fermion
[5]. In this theory both the R-Parity and the chirality are conserved and sparticles appear
in pairs at any vertex, see [6–12].
The history of the Minimal Supersymmetric Standard Model (MSSM), which was con-
structed in 1975 [13–15], can be found in Ref. 16 and 17. In the early days of the model, the
photino, which is denoted by the symbol γ˜, was called the“photon-neutrino” and envisioned
as a fundamental particle, expected to be stable [18] and, at least at the classical level,
massless [19].
Within the context of supersymmetric field theories, two-component Weyl-van der Waer-
den fermions [20] enter naturally, due to the spinorial nature of the symmetry generators
themselves and the holomorphic structure of the superpotential. Using the two-component
spinors we can introduce the helicity formalism, in which the individual amplitudes are
computed analytically in terms of Lorentz scalar invariants, i. e., of complex numbers that
can readily be computed. It is then a simple numerical task to sum all the contributing
amplitudes and compute the square of the complex magnitude of the resulting sum [21–23].1
As a simple example, consider Bhabha scattering e−e+ → e−e+ [24] in QED. We denote
the initial-state momenta and helicities of the electron and positron (p1, λ1) and (p2, λ2) ,
respectively, and the final-state momenta and helicities of the electron and positron (p3, λ3)
and (p4, λ4), respectively. In the formalism of four-component Dirac spinors, the amplitude
1 Ref. [23] discusses the history of the spinors and the techniques in the two-component spinor formalism
and provides a complete set of Feynman rules for fermions in two-component spinor notation.
3for the s channel is given by the equality
M = e
2
s
u¯(p3, λ3)γ
mv(p4, λ4)v¯(p2, λ2)γmv(p1, λ1). (1)
For the same process, in the two-spinor formalism the amplitude is given by the expression
[21–23]:
ıM =
(
ıgmn
s
) [
(ıex1σmy
†
2)(−ıey3σnx†4) + (ıey†1σ¯nx2)(−ıey3σnx†4)
+ (ıex1σmy
†
2)(−ıex†3σ¯ny4) + (ıey†1σ¯nx2)(−ıex†3σ¯ny4)
]
. (2)
For a more extensive discussion of this formalism and other useful examples, see Ref. [23].
Parity-conserving theories such as QED and QCD are well-suited to the four-component
fermion methods. The latter being more broadly known than the two-component methods,
our discussion will be based on Majorana-(Dirac) four-component spinors.
Early in its history, the gluino, which is denoted g˜, was called the “photonic neutrino” and
viewed as a massless particle, since it was difficult to generate a sizeable mass for it. The role
and interactions of this fermion partner of the gluon, which like the photino is a Majorana
fermion, are directly related to the properties of the supersymmetric QCD (SQCD) [6, 7]. In
the early days, the existence of relatively light “R-hadrons”2 [25, 26] was therefore expected.
Today we know that a direct gaugino mass, symbolized m1/2, comes from supergravity [27],
or from radiative corrections using messenger quarks. Both mechanisms yield sufficiently
high masses for the gluino.
The phenomenological studies of the photinos started in 1979, when Fayet [19] studied the
interaction between photinos3 and matter for massless photinos and obtained the following
cross section:
σ(γ˜ + e− → γ˜ + e−) = 4G
2
FmeE
6π
(
4M2W sin
2 θW
m2se
)2
, (3)
where mse is the mass of the slepton. See Ref. [17] for the early notation.
Later, in 1982, Fayet [28] studied the photino production from e−e+, still in the case of
massless photinos, with the following result:
dσ
dΩ
(e−e+ → γ˜γ˜) = α
2s
16

 (1− cos2 θ)2(
m2se +
s
2
(1− cos2 θ)
)2 + (1 + cos
2 θ)2(
m2te +
s
2
(1 + cos2 θ)
)2

 , (4)
2 Particle made of quarks, antiquarks and gluinos.
3 In the MSSM context the photino interacts more weakly than the neutrino.
4where θ is the angle between the photino and the incoming electron, and s is the usual
Mandelstam variable.
A later computation considered a massive photino [29, 30]. The mass mγ˜ acquired phe-
nomenological importance because it was related to the scale of supersymmetry breaking
[18], to which, more recently, the mass of the gluino has also been related. With a massive
photino, the total cross section is [28]
σ(e−e+ → γ˜γ˜) = 2πα
2s
3m4se
. (5)
Fayet also analyzed the processes e−e+ → γνν¯ and e−e+ → γγ˜γ˜ to obtain the following
total cross sections (in pb) [28]:
σ(e−e+ → γνν¯) ≈ 2.6 · 10−2 s
(40GeV)2
,
σ(e−e+ → γγ˜γ˜) = 18

 mse
40GeV
c2


−4
s
(40GeV)2
. (6)
Only in 1984 were the photino and selectron masses included in these processes [31–33].
At the time, it was thought that these reactions might define a useful signature of SUSY and
the experiments, important limits on the photino and selectron masses. Two years later the
reactions e−e+ → γνν¯ and e−e+ → γγ˜γ˜ were accurately analyzed, and the results showed
that the latter process has larger cross section than the former (see Fig. 2 in Ref. 33), a
finding applicable only to the “lower” selectron masses. It was also found that the processes
with polarized and unpolarized beams place strong limits on the mγ˜ ×me˜ plane (see Fig. 4
in Ref. 33) [34]. A photino production in this channel was analyzed in detail in Ref. 35.
Low-mass weakly interacting particles (photinos, neutrinos, axions, etc.) are produced
in hot astrophysical plasmas and can therefore transport energy out of stars. The possible
astrophysical consequences of “light” photinos and gluinos, for which the main photino
production channel is the subprocess gg → g˜g˜ followed by a gluino decay g˜ → γ˜q¯q, were
discussed in Refs. 18 and 36.
It has been generally assumed that for small gaugino masses the photino is an approximate
eigenstate, an assumption that is not generally valid. The classic signature of such events
is missing transverse momentum (
/
PT ) from the escaping photinos. The analysis of the UA1
Collaboration gave special attention to this characteristic [37].
5Unfortunately, the data analyses of the Large Electron Positron Collider at the CERN
(LEP) were unable to follow the same approach. For larger gaugino masses, it is unpro-
ductive to think in terms of the photino, zino and neutrals higgsinos (h˜01 and h˜
0
2). Instead,
one must consider the mixture of these states giving four neutralinos χ˜0j , j = 1, 2, 3, 4. In
a similar way the mixing of the charged gauginos with the charged higgsinos gives two
charginos χ˜±i , i = 1, 2. The dominant gluino decays then occur via g˜ → q¯qχ˜±i and g˜ → q¯qχ˜0i
[7, 10, 37, 38].
The rate of the two-body decay g˜ → γ˜g of the gluinos was first analysed in Ref. [39], where
this decay rate was found to vanish formq˜L = mq˜R. The partial width for the gluino radiative
decay was recomputed (for mγ˜ = 0) in Refs. 40 and 41. The most general result for the
radiative decay width of the gluinos was obtained in Ref. 39 for the photino as the Lightest
Supersymmetric Particle (LSP) [38]. Only with very massive gluinos (mg˜ > (mq + mq˜))
do the two-body decays into quark plus squark become kinematically acessible and rapidly
dominate the branching fraction [7, 10].
Notwithstanding the appealing arguments favoring SUSY, no supersymmetric particle
has been found so far, in the first LHC runs of up to 8 TeV CM energies [42]. With the
increasing luminosity and energies up to 14 TeV in the next years, however, the prospect for
discoveries is still good. The search is aided by the “Snowmass Points and Slopes” (SPS) [43],
a set of benchmark points and parameter lines in the MSSM parameter space corresponding
to different scenarios in the quest for supersymmetry (see Ref. 44 for an instructive review).
The goal here is to reconstruct the fundamental supersymmetric theory, and its breaking
mechanism, from the experimental data [43–45]. Therefore, in various scenarios, given the
SPS convention, the neutralinos (photinos) are the lighter particles, while the gluino is the
most massive particle of the MSSM. As indicated by Table (I), each set of parameters leads
to different masses for the gluinos, squarks, photinos and selectrons, which are the only
relevant parameters in the study.
Supersymmetric theories involve self-conjugate Majorana spinors. In Sec. II we review
the prescription for writing Feynman rules for Majorana particles, which are based on a well-
defined fermion flow, a procedure that is similar to the one leading to Feynman amplitudes
for Dirac fermions. Secs. III and IV, which detail the calculation of the differential cross
section for the production of photinos and gluinos, respectively, are followed by conclusions.
6Scenario mg˜ (GeV ) Mq˜ (GeV ) mγ˜ (GeV ) Me˜ (GeV )
SPS1a 595.2 539.9 96 202
SPS1b 916.1 836.2 96 202
SPS2 784.4 1533.6 79 1456
SPS3 914.3 818.3 160 287
SPS4 721.0 732.2 118 448
SPS5 710.3 643.9 119 256
SPS6 708.5 641.3 189 264
SPS7 926.0 861.3 161 261
SPS8 820.5 1081.6 137 356
SPS9 1275.2 1219.2 175 319
TABLE I. Masses of gluinos, squarks, photinos and selectrons in the SPS scenarios.
II. FEYNMAN RULES FOR MAJORANA PARTICLES
Neutral particles may or may not have distinct antiparticles. While Dirac fermions [4]
have antiparticles, the neutron being an example, the contrary is true for Majorana fermions
[5], the field operators of which therefore satisfy the equalities4 [29]
ψM = ψ
c
M ≡ Cψ¯TM ,
ψ¯M = ψ
T
MC, (7)
where ψ¯ ≡ ψ†γ0, while C is the charge conjugation matrix. The latter has the following
properties
C† = C−1, CT = −C,
C−1ΓiC = Γ
T
i , for Γi = I4×4, ıγ5, γmγ5,
C−1ΓiC = −ΓTi , for Γi = γm, σm,n =
ı
2
[γm, γn]. (8)
The Γi have been chosen such that
Γ†i = ηiγ
0Γiγ
0, (9)
4 Appendix D of Ref. 29 discusses this subject in detail.
7with no summation over i, where ηi is defined as
ηi =


1 for i = I4×4, iγ5, γm,
−1 for i = γm, σm,n .
(10)
In general, the u and v spinors for either Dirac or Majorana fermions are related by the
equalities
uc ≡ Cu¯T = v, u¯(s)T = C−1v(s), v(s)T = u¯(s)CT ,
vc ≡ Cv¯T = u, v¯(s)T = C−1u(s), u(s)T = v¯(s)CT , (11)
where s = ±1/2 labels the spin.
The Feynman rules for Majorana fermions, by contrast with those for Dirac fermions,
involve vertices and propagators with clashing arrows. As a consequence, charge-conjugation
matrices appear in the Feynman rules for vertices and propagators, as discussed in Refs. 7,
10, 11, and 29.
A. Problems in defining Feynman rules for a Majorana Field.
In the Standard Model (SM) [46] all the interactions conserve both the Baryon number
(B) and the Lepton number (L). By contrast, the MSSM [13–15, 29] comprises interactions
that violate the conservation of fermion number, because the Majorana Fermions lack dis-
tinct antiparticles. Their self-conjugacy allows for a variety of different contractions, which
acquire different signs due to the anticommutation of fermionic operators [29, 47, 48].
The usual Dirac field spinor expansion is given by the expression [10]
ΨD(x) =
∫
d3k
(2π)3
1
2E~k
∑
s=∓1/2
[
c~k,su
(s)(k)e−ikx + d†~k,sv
(s)(k)eikx
]
, (12)
where c(c†) and d(d†) are annihilation (creation) operators satisfying
[
c~k,s, c
†
~l,r
]
= (2π)32E~kδsrδ
3
(
~k −~l
)
,
[
c~k,s, c~l,r
]
=
[
c†~k,s, c
†
~l,r
]
= 0,[
d~k,s, d
†
~l,r
]
= (2π)32E~kδsrδ
3
(
~k −~l
)
,
[
d~k,s, d~l,r
]
=
[
d†~k,s, d
†
~l,r
]
= 0. (13)
To quantize the Dirac spinor field ΨD one requires that
{ΨDa(x),Ψ†Db(y)} = δabδ3(~x− ~y),
{ΨDa(x),ΨDb(y)} = {Ψ†Da(x),Ψ†Db(y)} = 0. (14)
8For a Dirac spinor, therefore, we can write the following expressions:
〈0|T
{
ΨDa(x)Ψ¯Db(y)
}
|0〉 = SFab(x− y),
〈0|T {ΨDa(x)ΨDb(y)} |0〉 = 〈0|T
{
Ψ¯Da(x)Ψ¯Db(y)
}
|0〉 = 0. (15)
We represent a fermion in a Feynman diagram by a solid line. For a Dirac fermion each
line carries an arrow indicating the fermion number flow.
The analogous expressions for the Majorana fermions [10] are
ΨM(x) =
∫
d3k
(2π)3
1
2E~k
∑
s=∓1/2
[
c~k,su
(s)(k)e−ikx + c†~k,sv
(s)(k)eikx
]
,
[
c~k,s, c
†
~l,r
]
= (2π)32E~kδsrδ
3
(
~k −~l
)
,
[
c~k,s, c~l,r
]
=
[
c†~k,s, c
†
~l,r
]
= 0,
〈0|T
{
ΨMa(x)Ψ¯Mb(y)
}
|0〉 = SFab(x− y),
〈0|T {ΨMa(x)ΨMb(y)} |0〉 = 〈0|T
{
ΨMa(x)Ψ¯Mc(y)
}
|0〉CTcb = SFac(x− y)CTcb,
〈0|T
{
Ψ¯Ma(x)Ψ¯Mb(y)
}
|0〉 = CTac〈0|T
{
ΨMc(x)Ψ¯Mb(y)
}
|0〉 = CTacSFcb(x− y),
(16)
where c and c† are annihilation and creation operators,5 and we have to include these con-
tractions to compute matrix elements of operators involving products of Majorana spinor
fields [10, 29]. By contrast with Dirac lines, Majorana lines carry no arrows.
For Dirac fields the internal propagator reads
〈0|T
{
Ψ(x)Ψ¯(y)
}
|0〉 → 16P −m = S(P ), (17)
where the propagating fields Ψ carries a momentum P .
The contraction with the external operators is given by the expressions [47, 48]
〈0|T
{
Ψ(x)c†(pi, si)
}
|0〉 → u(pi, si),
〈0|T
{
c(pi, si)Ψ¯(x)
}
|0〉 → u¯(pi, si),
〈0|T
{
Ψ(x)d†(pi, si)
}
|0〉 → v¯(pi, si),
〈0|T
{
d(pi, si)Ψ¯(x)
}
|0〉 → v(pi, si). (18)
In general, each Dirac field is associated with the usual propagator S(P ), see Eq. (17),
and the “reversed” one S(−P ), as drawn in Fig. 1, as well as with the usual spinors and
5 The condition c~k,s = d~k,s implies the identity of the particle and antiparticle quanta of this field.
9iS(p)
iS(−p)
iS(p)
FIG. 1. Feynman rules for an internal Dirac fermion line. For each diagram, the upper line
represents the fermion momentum, and the lower one represents the fermion flow.
u¯(p) u(p)
p
v(p) v¯(p)
FIG. 2. Feynman rules for an external Dirac fermion line. The momentum p flows from the left to
the right.
their “reversed” counterparts, given by Eq. (18), which are depicted in Fig. 2. For Majorana
fermions, since arrows cannot be drawn to indicate the fermion-number flow, we only have
the usual propagator S(P ) and spinors, not the reversed ones, as shown by Fig. 3. Notice
that the propagator has clashing arrows [47, 48].
β α
(
i( 6p +m)
p2 −m2 + iǫ
)
αβ
p
β α
(
iC−1( 6p +m)
p2 −m2 + iǫ
)
αβ
p
β α
(−i( 6p +m)C
p2 −m2 + iǫ
)
αβ
FIG. 3. Feynmann rules for Majorana fermions propagators with orientation (thin arrow). The
momentum p flows from left to right.
The most generic lagrangian L for Majorana fields λ and Dirac fields ψ [29], augmented
10
by a pure Dirac interaction term [47, 48], can be expressed by the following expression:
L = 1
2
λ¯a (ıγ
m∂m −Ma) λa + ψ¯a (ıγm∂m −ma)ψa + 1
2
giabcλ¯aΓiλbΦc
+
1
2
gi∗abcλ¯bΓiλaΦ
∗
c + κ
i
abcλ¯aΓiψbΦ
∗
c + κ
i∗
abcψ¯bΓiλaΦc + h
i
abcψ¯aΓiψbΦc,
(19)
where Γi is defined in Eq. (8), and g
i
abv, κ
i
abc and h
i
abc are coupling constants.
The field Φ summarizes scalar and vector fields. Using Eq. (8) and the fact that fermion
fields anticommute in the third term on the right-hand side, we find that the following
constraint must be satisfied
giabc = ηig
i
bac , (20)
with no summation over i, and η given by Eq. (10).
The second problem, as shown in Ref. [29], is the following. The fourth term on the
right-hand side of Eq. (19) can be rewritten as
giabcλ¯bΓiλaΦ
∗
c = −giabcλ¯Ta
(
C−1Γi
)
λ¯bΦ
∗
c ,
giabcλ¯bΓiλaΦ
∗
c = g
i
abcλ¯a (ΓiC) λ¯
T
b Φ
∗
c , (21)
and hence the Feynman rules for this term may then be given by any of the following
conventions
igiabcΓ = −igiabc
(
C−1Γi
)
,
igiabcΓ = ig
i
abc (ΓC) , (22)
which seem to give evidence of sign ambiguity.
Another problem derives from the location of the C operator [29]. The self-conjugacy
allows for a variety of different contractions, which acquire different signs originating from
the anticommutation of fermionic operators [29, 47, 48]. In this approach the relative sign of
interfering Feynman graphs cannot be read off the graphs, but has to be determined indepen-
dently from the Wick contractions. This method is unwieldy in such practical calculations
as the production of photinos and gluinos.
There is however an alternative way to define Feynman rules for Majorana fermions. Since
the fermion-flow rule is violated, we may introduce a continuous fermion-flow orientation for
each fermion line, as in Refs. 47–49.6 This forces us to introduce two analytical expressions
6 We only need the familiar Dirac propagator and only vertices without explicit charge-conjugationmatrices.
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for each vertex, one for fermion flow parallel and the other for fermion flow antiparallel to
the flow of the fermion number. Therefore, for Majorana fermions, only the usual spinors
are present, as in Fig. 4.
The Feynman amplitudes can be obtained from the following procedure [47, 48]:
1. Draw all possible Feynman diagrams for a given process;
2. Fix an arbitrary orientation (fermion flow) for each fermion chain;
3. Start at an external leg (for closed loops at some arbitrary propagator) and write
down the Dirac matrices proceeding opposite to the chosen orientation (fermion flow)
through the chain in agreement with Fig. 2;
4. Apply the corresponding analytical expressions;
5. Multiply by a factor (−1) for every closed loop;
6. Multiply by the permutation parity of the spinors in the obtained analytical expression
with the respect to some reference order;
7. As far as the determination of the combinatorial factor is concerned, Majorana
fermions behave exactly like real scalar or vector fields.
We can understand the last item in the following way: for Majorana fermions there are
two equivalent non-vanishing Wick contractions, i. e.,
χ¯Γχ = χ˜Γ′χ˜. (23)
For Majorana fermions χ˜ = χ, an equality that, together with Eq. (20), allows us to show
that
Γ′ = Γ. (24)
These two contractions yield the same result and cancel the factor 1/2 in the correspond-
ing interaction term. This is exactly what happens for real scalar and vectors fields. The
analytical expressions are independent of the chosen orientation, i. e., of the fermion flow,
as shown by Refs. 47 and 48.
12
Φ
λ
λ
Φ
λ
λ
iΓ iΓΦ
λ
λ
Φ
λ
ψ
iΓ iΓ′Φ
λ
ψ
Φ
λ
ψ
Φ
ψ
λ
iΓ iΓ′Φ
ψ
λ
Φ
ψ
λ
Φ
ψ
ψ
(a)
iΓ iΓ′Φ
ψ
ψ
(b)
Φ
ψ
ψ
(c)
FIG. 4. Feynmann rules for the interaction (from Eq. (19)) of a scalar field with one Majorana (λ)
fermion. From Refs. 47 and 48.
This set of rules, which will be shown in the next sections to simplify pratical calculations,
can be combined with the FeynArts program [50] to calculate the differential cross sections
for photino and gluino production.
In general, to calculate the square amplitudes involving Dirac fermions, we use the fol-
lowing projection operators in diagrams involving Majorana fermions, which are obtained
from Eq. (11):
∑
s
u(s)(P )v(s)T (P ) =
(∑
s
u(s)(P )u¯(s)(P )
)
CT = ( 6P +M)CT ,
∑
s
v(s)(P )u(s)T (P ) =
(∑
s
v(s)(P )v¯(s)(P )
)
CT = ( 6P −M)CT ,
∑
s
u¯(s)T (P )v¯(s)(P ) = C−1
(∑
s
v(s)(P )v¯(s)(P )
)
= C−1( 6P −M),
∑
s
v¯(s)T (P )u¯(s)(P ) = C−1
(∑
s
u(s)(P )u¯(s)(P )
)
= C−1( 6P +M),
(25)
where C is the charge conjugation matrix satisfying Eq. (8).
III. PHOTINO PRODUCTION
This section shows how to calculate the differential cross section of the e−e+ → γ˜γ˜ process,
where γ˜ is the photino field in the SQED context. This process, which conserves the lepton
number, takes place via t-channel e˜−L - and e˜
−
R-exchange (see Fig. 5) as shown by Fayet [28].
13
We will assume that e˜−L - and e˜
−
R are mass eigenstates, because we are in the domain of SQED.
Both e and e˜ carry one unit of lepton number. The t- and u-channel exchanges correspond
to the cases where the fermion lines are uncrossed and crossed, respectively.
Today we know that in the context of the MSSM the photino is a gaugino and mixes with
the neutral higgsinos to yield the neutralinos as the mass eigenstates [7, 10, 51]. Neutralino
pair production in e−e+ collisions was first studied in [52], where it was shown that this
production takes place via the s-channel Z-exchange and t-channel e˜−L - and e˜
−
R-exchange.
On the other hand, the LSP in some minimal Supergravity (mSUGRA) scenarios can be a
light photino, i. e., χ˜01 ≈ γ˜ [43–45], with an acceptable cosmological abundance [53].
→ γ˜(K2)e+(P2)
ıe√
2
(1± γ5)
e˜L,R
γ˜(K1)
→
e−(P1)
ıe√
2
(1∓ γ5)
→ γ˜(K1)
e+(P2)
ıe√
2
(1± γ5)
e˜L,R
γ˜(K2)
e−(P1)
ıe√
2
(1∓ γ5)
FIG. 5. Feynman diagram of the process e−e+ → γ˜γ˜. The electron fixes the orientation (fermion
flow) for each lepton. The positron line has therefore the opposite direction, and a continuous line
results in the diagram.
In e−e+ collisions, photinos are produced in the following reaction:
e−(P1) + e
+(P2)→ γ˜(K1) + γ˜(K2) (26)
as shown in Fig. 5, where γ˜ is the photino, and the particle four-momenta are specified in
parentheses. As already explained, the photino is its own antiparticle.
14
The amplitudes for e−(P1)e
+(P2)→ γ˜(K1)γ˜(K2) are
Ma = −e
2
2
u¯(K1)(1− γ5)u(P1) 1
t−M2e˜L
v¯(P2)(1 + γ5)v(K2),
Mb = e
2
2
u¯(K1)(1 + γ5)u(P1)
1
t−M2e˜R
v¯(P2)(1− γ5)v(K2),
Mc = −e
2
2
u¯(K2)(1− γ5)u(P1) 1
u−M2e˜L
v¯(P2)(1 + γ5)v(K1),
Md = e
2
2
u¯(K2)(1 + γ5)u(P1)
1
u−M2e˜R
v¯(P2)(1− γ5)v(K1), (27)
where s, t, u are the Mandelstam variables, defined as
s = (P1 + P2)
2 = (K1 +K2)
2,
t = (P1 −K1)2 = (P2 −K2)2,
u = (P1 −K2)2 = (P2 −K1)2,
s+ t + u = 2m2e + 2m
2
γ˜ . (28)
Here me and mγ˜ are the electron and the photino masses, respectively.
The next step is to calculate |Ma +Mb −Mc −Md|2, where the relative negative signs
are due to the Pauli statistics. Summing over initial and final spins and using the usual
projection operator over the positive and negative energy states, we obtain (see Ref. 58 for
more details on the algebric manipulations) the following expressions:
|Ma|2 = 16e
4
(t−M2e˜L)2
(P1 ·K1)(P2 ·K2) = 4e
4
(t−M2e˜L)2
(
t−m2e −m2γ˜
)2
,
M†aMb =MbM†a =
e4
4(t−M2e˜L)(t−M2e˜R)
(8memγ˜)
2,
|Mb|2 = 16e
4
(t−M2e˜R)2
(P1 ·K1)(P2 ·K2) = 4e
4
(t−M2e˜R)2
(
t−m2e −m2γ˜
)2
,
|Mc|2 = 16e
4
(u−M2e˜L)2
(P1 ·K2)(P2 ·K1) = 4e
4
(u−M2e˜L)2
(u−m2e −m2γ˜)2,
M†cMd =M†dMc =
e4
4(u−M2e˜R)(u−M2e˜L)
(8memγ˜)
2,
|Md|2 = 16e
4
(u−M2e˜R)2
(P1 ·K2)(P2 ·K1) = 4e
4
(u−M2e˜R)2
(u−m2e −m2γ˜)2.
(29)
Lets work out the interference terms in detail. On this case we need again to sum over
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initial and final spins. From Eq. (25), we find that
M†aMc =M†cMa =
e4
4(u−M2e˜L)(t−M2e˜L)
{Tr [(1− γ5)( 6P1 +me)(1 + γ5)
· ( 6K1 +mγ˜)CT (1 + γ5)T ( 6P2 −me)T (1− γ5)TC−1( 6K2 +mγ˜)
]}
,
M†aMd =M†dMa =
e4
4(t−M2e˜L)(u−M2e˜R)
{Tr [(1 + γ5)( 6P1 +me)(1 + γ5)
· ( 6K1 +mγ˜)CT (1− γ5)T ( 6P2 −me)T (1 + γ5)TC−1( 6K2 +mγ˜)
]}
,
M†bMc =M†cMb =
e4
4(t−M2e˜L)(u−M2e˜R)
{Tr [(1− γ5)( 6P1 +me)(1 + γ5)
· ( 6K1 +mγ˜)CT (1− γ5)T ( 6P2 −me)T (1− γ5)TC−1( 6K2 +mγ˜)
]}
,
M†bMd =M†dMb =
e4
4(u−M2e˜R)(t−M2e˜R)
{Tr [(1 + γ5)( 6P1 +me)(1− γ5)
· ( 6K1 +mγ˜)CT (1− γ5)T ( 6P2 −me)T (1 + γ5)TC−1( 6K2 +mγ˜)
]}
.
(30)
We now need to calculate the quantity
CT (1 + γ5)
T ( 6P2 −me)T (1− γ5)TC−1. (31)
Notice taken that [C, γ5] = 0 and γ
T
5 = γ5, with the first two equalities in Eq. (8) we can
show that
CT (1 + γ5)
T = (1T − γT5 )CT = −(1− γ5)C,
(1− γ5)TC−1 = CT (1T + γT5 ) = C−1(1 + γ5), (32)
and using the last equality in Eq. (8), we can rewrite Eq. (31) in the form
− (1− γ5)(Pm2 CγTmC−1 −meCC−1)(1 + γ5) = −(1− γ5)(−Pm2 γm −me)(1 + γ5)
= (1− γ5)( 6P2 +me)(1 + γ5). (33)
We have therefore shown the following relation to hold:
CT (1 + γ5)
T ( 6P2 −me)T (1− γ5)TC−1 = (1− γ5)( 6P2 +me)(1 + γ5).
(34)
Similarly, we can show that
CT (1− γ5)T ( 6P2 −me)T (1 + γ5)TC−1 = (1 + γ5)( 6P2 +me)(1− γ5).
(35)
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Next, using the trace techniques we find that
M†aMc =M†cMa =
8e4m2γ˜
(u−M2e˜L)(t−M2e˜L)
(P1 · P2)
=
8e4m2γ˜
(u−M2e˜L)(t−M2e˜L)
(
s
2
−m2e
)
,
M†aMd =M†dMa =
e4
4(t−M2e˜L)(u−M2e˜R)
(8memγ˜)
2,
M†bMc =M†cMb =
e4
4(t−M2e˜R)(u−M2e˜L)
(8memγ˜)
2,
M†bMd =M†dMb =
8e4m2γ˜
(u−M2e˜R)(t−M2e˜R)
(P1 · P2)
=
8e4m2γ˜
(u−M2e˜R)(t−M2e˜R)
(
s
2
−m2e
)
.
(36)
The differential cross section in the Me˜L = Me˜R =Me˜ limit is then given by the relation
dσ
dΩ
(e−e+ → γ˜γ˜) = α
2
4s
√√√√s− 4m2γ˜
s− 4m2e


(
t−m2γ˜ −m2e
t−M2e˜
)2
+
(
u−m2γ˜ −m2e
u−M2e˜
)2
+
(
2memγ˜
t−M2e˜
)2
+
(
2memγ˜
u−M2e˜
)2
+
(
16m2em
2
γ˜ − 2sm2γ˜
(t−M2e˜ )(u−M2e˜ )
)
 .
(37)
Since the photino is not actually a mass eigenstate—for our calculation is carried out
in the context of SQED—, we have assigned the neutralino mass to the photino. In any
case, the electron mass could be neglected compared with the sparticle masses, and Eq. (37)
simplifies to
dσ
dΩ
(e−e+ → γ˜γ˜) = α
2
4s
√√√√1−
(
2mγ˜√
s
)2 
(
t−m2γ˜
t−M2e˜
)2
+
(
u−mγ˜
u−M2e˜
)2
− 2sm
2
γ˜
(u−M2e˜ )(t−M2e˜ )
]
, (38)
which is the result in [29, 30]. In addition, with mγ˜ = 0 we obtain Eq. (4), the result derived
by Fayet [28].
The total cross section for the process e−e+ → γ˜γ˜ is given by [30]
σ(e−e+ → γ˜γ˜) = 2πα
2
s2
{
S + 2∆Λ + S∆
2
m4γ˜ +M
4
e˜ +M
2
e˜ (s− 2m2γ˜)
+ 2
m2γ˜sΛ)
s+ 2∆
}
,
(39)
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where
S =
√
s(s− 4m2γ˜),
∆ = M2e˜ −m2γ˜,
Λ = ln
[
s+ 2∆− S
s+ 2∆+ S
]
. (40)
The so-called International Linear Collider (ILC) will provide opportunities for both
discovery and precision measurements [54]. With the construction of the next generation of
e+e− linear colliders, with a center-of-mass energy up to 1.5 TeV, capable of operating also
in the γγ, γe− and e−e− modes, new perspectives arise for detecting new physics beyond
the standard model in processes having non-zero initial electric charge (and non-zero lepton
number).
If the photino is stable, then all supersymmetric cascade processes ultimately decay into
photinos. The photino is unseen as it leaves the detector, and its existence can only be
inferred by looking for unbalanced momentum in a detector. In this way, it is phenomeno-
logically similar to neutrinos. The events produced by the photinos display large discrepancy
in energy and momentum between the visible initial- and final-state particles. Nowadays,
this is the signature of the LSP, which depending on the scenario can be the lightest neu-
tralino (χ˜01), the gravitino (the supersymmetric partner of the graviton), or the lightest
sneutrinos ν˜1, i. e., the supersymmetric partners of neutrinos. On the other hand, in certain
minimal Supergravity (mSUGRA) scenarios the LSP can be a light photino (it means that
χ˜01 ≈ γ˜) [43–45] with an acceptable cosmological abundance [53].
In the following we shall present our numerical results assuming the photino to be the
lightest neutralino of the MSSM. In the SPS scenarios, its mass ranges between 70 GeV and
200 GeV, whereas the selectron mass ranges from 200 GeV to 1.5 TeV (see Table I).
In Fig. 6 we show results for the total cross section of photino production as a function of
the photino and selectron masses, for three different CM energies. To study the dependence
on the photino mass, we fix Me˜ = 202 GeV for the selectron mass (SPS1a scenario). The
cross sections for
√
s = 0.5 TeV are largest, the results for
√
s = 1 TeV and
√
s = 1.5 TeV
being insensitive to the photino mass. For the dependency on the selectron mass, we use
Mγ˜ = 96 GeV for the photino mass. For Me˜ > 800 GeV the cross sections for
√
s = 1 TeV
and
√
s = 1.5 TeV are very close to each other, but the results differ for lighter selectron
masses. For
√
s = 0.5 TeV the cross section grows up faster than in the previous cases for
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FIG. 6. Total cross section of photino production in e−e+ collisions for different CM energies:
√
s = 0.5 TeV (solid line), for
√
s = 1.0 TeV (dashed line) and for
√
s = 1.5 TeV (dot-dashed line).
Left panel: Cross section as a function of the photino mass, for Me˜ = 400 GeV. Right panel: Cross
section as a function of the selectron mass, for Mγ˜ = 79 GeV.
decreasing selectrom masses. In conclusion, if the selectron mass is not much heavier than
Me˜ ≃ 500 GeV, the International Linear Collider (ILC) with
√
s = 0.5 TeV is likely to
discover the lightest neutralinos and to place constraints on the selectron mass.
Let us now estimate the number of photinos that will be produced in the future ILC.
Given the expected luminosity of L = 1.5 × 1034 cm−2s−1[55] for the 0.5 TeV mode, in one
year (107 s) 65,218 photinos will be produced in the more optimistic SPS1 scenario, and 525
photinos in the less optimistic SPS2 scenario.
IV. GLUINO PRODUCTION IN THE MSSM
Gluino and squark production in hadron colliders dominantly occurs via strong inter-
actions. Thus, their production rate may be expected to be considerably larger than for
sparticles with electroweak interactions only, whose production has been studied in the lit-
erature.
The cross sections for the production of gluinos and squarks in hadron collisions were
calculated at the Born level quite some time ago [30] and in the next-to-leading order (NLO)
accuracy more recently [56] . In the present study, as another example of detailed calculation,
we consider the inclusive production of gluinos in pp collisions. For more detailed descriptions
of the procedures see [57, 58].
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FIG. 7. Feynman diagrams for gluino pair production quark-antiquark initial states.
We do not consider in detail top the squark production, for which our assumptions are
invalid, which calls for more involved treatment [59]. In the following, we detail the steps
necessary to calculate the various contributing subprocesses.
A. Subprocess q¯q → g˜g˜.
The Feynman diagrams for gluino pair production coming from quark-antiquark initial
states are drawn in Fig. 7. We denote the initial-state quark and anti-quark momenta,
spin and color by (k1, s1, a) and (k2, s2, b), and the final-state gluino momenta and spin by
(P1, s3, e) and (P2, s4, d), respectively.
The Mandelstam variables are
s = (k1 + k2)
2 = (P1 + P2)
2 = 2k1 · k2 = 2m2g˜ + 2P1 · P2 = 4E2,
t = (k1 − P1)2 = (P2 − k2)2 = m2g˜ − 2k1 · P1 = m2g˜ − 2k2 · P2
= m2g˜ − 2E2 + 2E
√
E2 −m2g˜ cos θ,
u = (k1 − P2)2 = (P1 − k2)2 = m2g˜ − 2k1 · P2 = m2g˜ − 2k2 · P1
= m2g˜ − 2E2 − 2E
√
E2 −m2g˜ cos θ,
s + t + u = 2m2g˜, (41)
where E is the center-of-mass energy of the colliding quarks, mg˜ is the gluino mass and θ is
the scattering angle.
The expressions for the amplitudes in these subprocesses are
Ms = (−ıgs)
(
w†(b)v¯(k2, s2)T
cγmw(a)u(k1, s1)
)(gmnδcg
s
)
(−ıgs) ·
·
(
Ω†g(d)u¯(P2, s4)f
degγnΩg(e)u(P1, s3)
)
= −g
2
s
s
(v¯(k2, s2)γmu(k1, s1)) (u¯(P2, s4)γ
mu(P1, s3))
(
w†(b)T cw(a)
)
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·
(
f decΩ†g(d)Ωg(e)
)
,
Mt = (−ı
√
2gs(L− R))
(
w†(b)v¯(k2, s2)T
cΩc(d)u(P2, s4)
)
·
(
ıδcf
t−M2q˜
)
(−ı
√
2gs(L− R))
(
Ω†f (e)u¯(P1, s3)T
fw(a)u(k1, s1)
)
= − 2ıg
2
s
t−M2q˜
(v¯(k2, s2)(L− R)u(P2, s4)) (u¯(P1, s4)(L− R)u(k1, s1))
·
(
w†(b)T cΩc(d)
) (
Ω†c(e)T
cw(a)
)
= − 2ıg
2
s
t−M2q˜
(L+R)2 (v¯(k2, s2)u(P2, s4)) (u¯(P1, s4)u(k1, s1))
·
(
w†(b)T cΩc(d)
) (
Ω†c(e)T
cw(a)
)
= − 4ıg
2
s
t−M2q˜
(v¯(k2, s2)u(P2, s4)) (u¯(P1, s4)u(k1, s1))
(
w†(b)T cΩc(d)
) (
Ω†c(e)T
cw(a)
)
,
Mu = −(−ı
√
2gs(L− R))(−ı
√
2gs(L− R))
(
w†(b)v¯(k2, s2)T
cΩc(e)u(P1, s3)
)
·
(
ıδcf
u−M2q˜
)(
Ω†f (d)u¯(P2, s4)T
fw(a)u(k1, s1)
)
= +
4ıg2s
t−M2q˜
(v¯(k2, s2)u(P1, s3)) (u¯(P2, s4)u(k1, s1))
(
w†(b)T cΩc(e)
) (
Ω†c(d)T
cw(a)
)
,
(42)
where w(a) and Ω(a) are the color wavefunctions of the quarks and gluinos, respectively
[11].
The Ω(a)’s are 8 × 8 matrices, in the octet representations of SU(3)C group, satisfying
the following relations
(Ω(a))bc = −ıfabc,
[Ω(a),Ω(b)] = ıfabcΩ(c). (43)
The total amplitude is given by
M =Ms +Mt +Mu. (44)
Defining the appropriate color factors
Gs ≡ g
2
s
s
(
w†(b)T gw(a)
) (
f degΩ†g(d)Ωg(e)
)
,
Gt ≡ g
2
s
t−M2q˜
(
w†(b)T cΩc(d)
) (
Ω†c(e)T
cw(a)
)
,
Gu ≡ g
2
s
u−M2q˜
(
w†(b)T cΩc(e)
) (
Ω†c(d)T
cw(a)
)
, (45)
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and the following flavor factors
Ss = (v¯(k2, s2)γmu(k1, s1)) (u¯(P2, s4)γ
mu(P1, s3)) ,
St = (v¯(k2, s2)u(P2, s4)) (u¯(P1, s3)u(k1, s1)) ,
Su = (v¯(k2, s2)u(P1, s3)) (u¯(P2, s4)u(k1, s1)) ,
we can rewrite the amplitude (44) in the form
M = SsGs + ıStGt − ıSuGu . (46)
Squaring this amplitude and summing over initial and final color and spins, we are led
to the expression
∑
s1,s2,s3,s4
|M|2 = |Ss|2|Gs|2 + ıS∗sStG∗sGt − ıS∗sSuG∗sGu − ıSsS∗tGsG∗t + |St|2|Gt|2
− S∗t SuG∗tGu + ıSsS∗uGsG∗u + |Su|2|Gu|2 . (47)
Let us first examine the flavor factors. The usual quantum field-theory techniques yield
the equalities
∑
s1,s2,s3,s4
|Ss|2 = Tr [6k2γm 6k1γn] Tr [( 6P2 +mg˜)γm( 6P1 +mg˜)γn]
= ko2k
p
2Tr [γoγmγpγn] + Tr
[
6P2γm 6P1γn +m2g˜γmγn
+ mg˜ ( 6P2γmγn + γm 6P1γn)]
= [4 · (k2mk1n − gmnk1 · k2 + k2nk1m)] · [4 · (Pm2 P n1 − gmnP1 · P2
+ P n2 P
m
1 +m
2
g˜g
mn
)]
= 32
[
(k1 · P1) (k2 · P2) + (k1 · P2) (k2 · P1) +m2g˜
(
k1 · k2 + 2m2g˜
)]
= 8
[(
m2g˜ − t
)2
+
(
m2g˜ − u
)2
+ 2sm2g˜
]
,∑
s1,s2,s3,s4
S∗sSt = S
∗
t Ss = Tr [6k2γm 6k1( 6P1 +mg˜)γm( 6P2 +mg˜)]
= Tr [6k2γm 6k1 6P1γm 6P2 +mg˜ 6k2γm 6k1 6P1γm +mg˜ 6k2γm 6k1γm 6P2
+ m2g˜ 6k2γm 6k1γm
]
= 16 (k1 · P1) (k2 · P2) +m2g˜ (k1 · k2)
= 4
(
m2g˜ − t
)
+m2g˜s,∑
s1,s2,s3,s4
S∗sSu = S
∗
uSs = Tr [6k2γm 6k1( 6P2 +mg˜)γm( 6P1 +mg˜)]
= Tr [6k2γm 6k1 6P2γm 6P1 +mg˜ 6k2γm 6k1 6P2γm +mg˜ 6k2γm 6k1γm 6P1
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+ m2g˜ 6k2γm 6k1γm
]
= 16 (k1 · P2) (k2 · P1) +m2g˜ (k1 · k2)
= 4
(
m2g˜ − u
)
+m2g˜s,∑
s1,s2,s3,s4
|St|2 = Tr [6k2( 6P2 +mg˜)] Tr [( 6P1 +mg˜) 6k1]
= Tr [6k1 6P1] + Tr [6k2 6P2] +mg˜ {Tr [6k1] + Tr [6k2]}
= 4 [P1 · k1 + P2 · k2]
= 4
(
m2g˜ − t
)
,∑
s1,s2,s3,s4
S∗sSu = S
∗
uSs = Tr [6k1 6P1] Tr [ 6k2 6P1]− Tr [6k1 6P2] Tr [ 6k2 6P2] +m2g˜Tr [ 6k1 6k2]
= 4
[
(k1 · P1) (k2 · P1)− (k1 · P2) (k2 · P2) +m2g˜ (k1 · k2)
]
= 8sm2g˜,∑
s1,s2,s3,s4
|Su|2 = Tr [( 6P2 +mg˜) 6k1] Tr [( 6P1 +mg˜) 6k2]
= Tr [6k1 6P2] + Tr [6k2 6P1] +mg˜ {Tr [6k1] + Tr [6k2]}
= 4 [P2 · k1 + P1 · k2]
= 4
(
m2g˜ − u
)
. (48)
Consider next the color factors. Apart from the averaging factor (1/9), we get the fol-
lowing results:
∑
a,b,d,e
|Gs|2 = g
4
s
4s2
Tr [λcλg] f decf dec
′
f degf deg
′
=
g4s
4s2
· 16 · 72,
∑
a,b,d,e
G∗sGt =
∑
a,b,d,e
GsG
∗
t =
g4s
s
(
t−M2q˜
) · 16 · 72,
∑
a,b,d,e
G∗sGu =
∑
a,b,d,e
GsG
∗
u =
g4s
s
(
u−M2q˜
) · 16 · 72,
∑
a,b,d,e
|Gt|2 = g
4
s(
t−M2q˜
)2 · 16 · 72 · 39 ,
∑
a,b,d,e
G∗tGu =
∑
a,b,d,e
GtG
∗
u =
g4s(
t−M2q˜
) (
u−M2q˜
) · 16 · 72,
∑
a,b,d,e
|Gu|2 = g
4
s
4
(
u−M2q˜
)2 · 16 · 72 · 39 . (49)
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FIG. 8. Feynman diagrams for gluino pair production gluon-gluon initial states.
We may now substitute Eqs. (48,49, 47) into the usual expression for the differential cross
section,
dσ
dt
=
1
16πs2

 1
64
∑
a,b,d,e
1
4
∑
s1,s2,s3,s4
|M|2

 . (50)
We have checked that our analytical calculations agree with the results of the FeynArts
program [50], with the MSSM code [60]. Finally, we find the following expression:
dσ
dtˆ
(q¯q → g˜g˜) =8πα
2
s
9sˆ2

43
(
m2g˜ − tˆ
M2q˜ − tˆ
)2
+
4
3
(
m2g˜ − uˆ
M2q˜ − uˆ
)2
+
3
sˆ2
[
(m2g˜ − tˆ)2 + (m2g˜ − uˆ)2 + 2m2g˜sˆ
]
− 3
[
(m2g˜ − tˆ)2 +m2g˜sˆ
sˆ(M2q˜ − tˆ)
]
− 3
[
(m2g˜ − uˆ)2 +m2g˜ sˆ
sˆ(M2q˜ − uˆ)
]
+
1
3
m2g˜ sˆ
(M2q˜ − tˆ)(M2q˜ − uˆ)
}
. (51)
These results agree with those in Refs. 10 and 30.
B. Subprocess gg → g˜g˜.
The Feynman diagrams for gluino production coming from gluon fusion are depicted in
Fig. 8. The initial-state gluons have SU(3)c adjoint representation indices a and b, with
momenta k1 and k2 and polarization vectors ε
m
1 (k1, λ1) and ε
m
2 (k2, λ2), respectively. The
final-state gluinos carry adjoint representation indices c and d, with momenta P3 and P4.
The Feynman amplitudes are given by
Ms = (−ıgsfabe)
(
ǫm(k1)a
a(c)ǫ∗n(k2)a
b(c)
)(gmnδef
s
)
(−ıgsf cdf)
(
Ω†(c)u¯(P1)Ω(d)u(P2)
)
· [gmn(P1 − P2)r + gnr(P2 +Q)m − grm(Q + P1)r] ,
Mt = (−ıgsf bde)
(
ǫm(k2)a
b(c)u(P2)Ω(d)
)( ı( 6 q +mg˜)
t−m2g˜
δdegmn
)
(−ıgsf bcf)
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·
(
u¯(k1)Ω
†(c)ǫn(k1)a
a(c)
)
,
Mu = (−ıgsf bce)
(
ǫm(k2)a
b(c)u(k1)Ω(c)
)( ı( 6 q +mg˜)
u−m2g˜
δdegmn
)
(−ıgsf bdf )
·
(
u¯(k2)Ω
†(d)ǫn(k1)a
a(c)
)
. (52)
Before presenting our results for this case, we find it interesting to present a brief review
of the polarization vectors used to describe real photons as well as real gluons. We choose to
work with real transverse polarization vectors ε1 and ε2, both of which must be orthogonal
to the initial-state collision axis in the center-of-momentum frame. We can hence write the
following relations:
εi · εj = −δij ,
ε1 · p1 = ε2 · p1 = ε1 · p2 = ε2 · p2 = 0 (Lorentz condition),
ε1 · k2 = −ε1 · k1 ,
ε2 · k2 = −ε2 · k1 , (53)
for each choice of λ1 and λ2.
Summing over gluon polarizations, one has that:
∑
λ1,λ2
1 = 4,
∑
λ1,λ2
(ε1 · ε2)2 = 2,
∑
λ1,λ2
(ε1 · ε2)(k1 · ε1)(k1 · ε2) = m2g˜ −
(t−m2g˜)(u−m2g˜)
s
, (54)
∑
λ1,λ2
(k1 · ε1)2(k1 · ε2)2 =
(
m2g˜ −
(t−m2g˜)(u−m2g˜)
s
)2
. (55)
Following the procedure adopted in the Section IVA and taking advantage of the following
expressions [23]:
∑
colors
G2s =
72g4s
s2
,
∑
colors
G2t =
72g4s
(t−m2g˜)2
, (56)
∑
colors
G2u =
72g4s
(u−m2g˜)2
,
∑
colors
GsGt =
36g4s
s(t−m2g˜)
, (57)
∑
colors
GsGu = − 36g
4
s
s(u−m2g˜)
,
∑
colors
GtGu =
36g4s
(t−m2g˜)(u−m2g˜)
, (58)
we come to the following differential cross section for the case under study, which we have
also checked with FeynCalc:
dσ
dtˆ
(gg → g˜g˜) = 9πα
2
s
4sˆ2
{
2(m2g˜ − tˆ)(m2g˜ − uˆ)
sˆ2
+
m2g˜(sˆ− 4m2g˜)
(m2g˜ − tˆ)(m2g˜ − uˆ)
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+
(m2g˜ − tˆ)(m2g˜ − uˆ) + 2m2g˜(m2g˜ + tˆ)
(m2g˜ − tˆ)2
+
(m2g˜ − tˆ)(m2g˜ − uˆ) + 2m2g˜(m2g˜ + uˆ)
(m2g˜ − uˆ)2
+
(m2g˜ − tˆ)(m2g˜ − uˆ) +m2g˜(uˆ− tˆ)
sˆ(m2g˜ − tˆ)
+
(m2g˜ − tˆ)(m2g˜ − uˆ) +m2g˜(uˆ− tˆ)
sˆ(m2g˜ − uˆ)
}
. (59)
Once again, the result agrees the expressions in Refs. 10 and 30.
C. Subprocess qg → q˜g˜.
The Feynman diagrams for gluino production from Compton scattering qg are shown in
Fig. 9.
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FIG. 9. Feynman diagrams for squark–gluino production. The arrows indicate the fermion flow.
The Feynman amplitudes are given by the equalities
Ms = (−ı
√
2gs(L−R))
(
w†(d)T fw(c)u(P3, s3)
)( ı( 6 q +mg˜)
s
δfe
)
(−ıgsf eac) ·
·
(
Ω†(a)u¯(P1, s1))T
eγmǫn(P2)a
e(b)
)
,
Mt = (−ı
√
2gs(L−R))
(
w†(d)T fw(b)u(P2, s2)
)( ı( 6 q +mg˜)
t−m2g˜
δfe
)
(−ıgsf eac) ·
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· (ǫµ(P1)ae(a)γµu(P3, s3))Ω(c)) ,
Mu = (−ı
√
2gs(L−R))
(
w†(d)T fw(b)u(P3, s3)
)( ı( 6 q +mg˜)
u−m2g˜
δfe
)
(−ıgsf eac) ·
· (ǫµ(P1)ae(a)γµu(P4, s4))Ω(c)) . (60)
The differential cross section for the Compton-like subprocesses is then given by
dσ
dtˆ
(qg → q˜g˜) = πα
2
s
24sˆ2
{[ 16
3
(sˆ2 + (m2q˜ − uˆ)2) + 43 sˆ(M2q˜ − uˆ)
sˆ(m2g˜ − tˆ)(m2g˜ − uˆ)
]
×
(
(m2g˜ − uˆ)2 + (M2q˜ −m2g˜)2 +
2sˆm2g˜(M
2
q˜ −m2g˜)
(m2g˜ − tˆ)
)}
, (61)
in agreement with Refs. 10 and 30.
The total cross section for gluino production can be obtained by adding Eqs. (51), (59),
and (61) and integrating the resulting equality over phase space, which yields the results in
Refs. 30 and 56. We have used these expressions to find the results presented in Refs. 57,
58, and 61.
The central purpose of the Large Hadron Collider (LHC) [62], which is already run-
ning and soon will be fully operative with 14 TeV energy, is to find the Higgs particle.
That discovery may either confirm the Standard Model (SM) or open new windows towards
new physics. This machine will also study collisions involving nuclei-pA (proton-nucleus,
√
s = 8.8 TeV ) and AA (nucleus-nucleus,
√
s = 5.5 TeV ) LHC modes. Results for gluino
production in the pA and AA modes were presented for the first time in Refs. 58 and 61.
Before presenting our numerical results on gluino production at the LHC, we recall that
gluon fluxes and large color factors make gluon-gluon (gg) fusion contributions dominant at
LHC energies if mg˜,Mq˜ ≤ 1 TeV, while reactions involving valence quarks dominate gluino
production at the Tevatron in the allowed mass range. The rate of gluino pair production
is maximized for mg˜ ≃Mq˜ [7].
Figure 10 shows the LO QCD total cross section for gluino production at the LHC as a
function of the gluino masses. The continuous curves display the cross sections calculated
for the CTEQ6L parton densities [63], with the indicated assumptions on the squark masses
and choices of the hard scale. For mq˜ = mg˜, the solid, dotted, and dash-dotted curves
monitor the sensitivity to the hard scale. Our curves are qualitatively equivalent to the ones
in Chapter 12 of Ref. 10, based on the CTEQ5L parton distribution.
Since the pp CM energy
√
s =14 TeV is several times larger than the expected gluino
and squark masses, these particles may well be produced and detected at the LHC. The
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FIG. 10. Total LO cross section for gluino production at the LHC as a function of the gluino
masses. Parton densities: CTEQ6L, with two assumptions on the squark masses and choices of
the hard scale (curves). For mq˜ = mg˜ the sensitivity to the hard scale is also presented . The open
squares show the numerical results for the SPS points (see Table I).
expected luminosity for the full LHC performance is L ≈ 1034 cm−2 s−1, which is equivalent
to 100 fb−1, assuming a full LHC year of 107 s. Considering the SPS1a scenarious (lightest
gluino of mass 595.2 GeV), roughly 2 · 106 gluinos will be produced, while in the SPS9
scenarious (heavier gluino of mass 1275.2 GeV), 1.8 ·104 gluinos will be produced, according
to our Fig. 10. Fore more realistic estimates, the NLO corrections would increase the cross
sections for the various processes by a factor smaller than two. The above estimates therefore
define a lower limit for the cross section and for the number of produced gluinos.
V. CONCLUSION
We started this article with a very brief review of the early phenomenology of photinos
and gluinos to present our motivation for calculating the cross section for the production of
both particles. We then highlighted certain difficulties in dealing with Majorana fermions
like we treat Dirac fermions. One difficulty comes from the ambiguity in the definition of
the internal propagators of the fermions; the other comes from the relative sign between
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the amplitudes. After that we reviewed one method yielding the Feynman amplitudes when
dealing with Majorana fermions, which makes the calculations as simple as the procedure
for Dirac fermions. This method is based on a well-defined fermion flow, and yields vertices
equations without explicit charge-conjugation matrices. As illustrations, we have presented
examples showing how to calculate the photino and gluino production in pp collisions. We
expect this review to help researchers who are new to the field of supersymmetric extensions
of the standard model.
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